Anna Company, [a] Yan Feng, [c] Mireia Güell, [b] Xavi Ribas, [a] Josep M. Luis, [b] Lawrence Que, Jr.,* [c] and Miquel Costas* [a] Nonheme iron oxygenases are emerging as versatile biological catalysts for a number of oxidative processes with biomedical, environmental, and technological implications. [1] Their heme counterparts are commonly taken as precedents for their chemistry. [2] In the heme paradigm, O À O heterolytic cleavage of an Fe III À OOH intermediate affords a highvalent metal-oxo species that acts as the oxidant for the reaction (Scheme 1). Although nonheme iron oxygenases are less well understood, evidence has accumulated in the last few years that high-valent iron-oxo species are also involved in some of their catalytic pathways.
[3] Furthermore, a number of synthetic model complexes have been described. [4] We have recently described that [FeA C H T U N G T R E N N U N G (OTf) 2 ( Me2 PyTACN)] (1) (OTf = CF 3 SO 3 , Scheme 2) is a stereoselective alkane hydroxylation catalyst in combination with H 2 O 2 , and that oxidations occur via a high-valent HO À Fe V =O species. [5] We have also shown that 1 is an excellent olefin oxidation catalyst, affording large turnover numbers (TNs) of epoxide and cis-dihydroxylation products with unprecedented efficiency (Scheme 2, bottom). [6, 7] Surprising mechanistic insights into these reactions are described in the present work, which show a reaction mechanism that does not conform to the canonical heme oxygenase paradigm.
Mechanistic studies were run under conditions of a large excess of olefin to minimize overoxidation reactions and also due to limitations imposed by the use of isotopically labeled compounds (vide infra). All the reactions were run under a N 2 atmosphere to avoid autooxidation processes due to the presence of O 2 . In a typical experiment, 10 equiv of H 2 O 2 (70 mm solution in CH 3 CN) were delivered by syringe pump together with 1000 equiv of H 2 O over a period of 30 min into an acetonitrile solution containing 1 equiv of the iron catalyst 1 (final concentration = 1 mm) and the specific alkene (0.05-1 m). In all olefin oxidation reactions explored (Table 1) , mixtures of cis-diol and epoxide were obtained with modest to excellent efficiency in the conversion of H 2 O 2 into products (3.9 to 7.8 TN, maximum TN = 9.5). The diol/epoxide (D/E) ratio observed in these reactions was dependent on the specific olefin, and it ranges from 3/2 (cyclooctene) to 6/1 (1-octene). Oxidation of cis-2-heptene by 1 was syn-stereospecific and afforded 3.5 TN of diol (95 % erythro-vic-diol) [8] O added to the reaction mixture showed that the fractions of labeled epoxide and cis-diol increased linearly with [H 2 18 O] at lower concentrations but reached a plateau at higher concentrations (see Figure S1 in the Supporting Information), indicative of a saturation behavior. These data strongly implicate a reversible water binding step (Scheme 3) prior to the generation of the species responsible for olefin oxidation. [9] Much more surprising were labeling results for epoxidations catalyzed by 1, in which all epoxides showed a much higher incorporation of oxygen atoms from water (30-75 %) Table 1) . Indeed, the activity of 1 is unprecedented as water is the main source of oxygen atoms in the epoxidation of most of the substrates studied. In addition, the extent of label incoporation depended on the nature of the olefin. cisDisubstituted, trisubstituted, and terminal olefins afforded epoxides with 69 AE 6 % of the oxygen from water, while the level of water incorporation in trans-disubstituted olefins was 33 AE 3 %. For comparison, epoxidation reactions of cis-2-heptene, trans-2-heptene, and 1-octene catalyzed by 2 and 3 exhibited a level of water incorporation into epoxide products that was substrate-independent, 11 AE 1 % for 2 and 22 AE 1 % for 3. Lastly, because of the high extent of label incorporation observed for 1-catalyzed epoxidations, the dependence of label incorporation on substrate concentration could be investigated (Table 1) . Interestingly, no dependence was found, demonstrating that label exchange must be faster than the substrate oxidation step and does not compete with it. We considered different options to rationalize the unexpectedly high level of water incorporation into the epoxide products for most of the olefins studied. The possibility that a radical cation intermediate was initially formed and subsequently trapped by water was discarded, because the involvement of a substrate radical species with a significant lifetime was inconsistent with the high retention of configuration observed for the epoxidation and cis-dihydroxylation of cis-2-heptene (97 % cis-epoxide and 95 % erythro-vic-diol, respectively). The possibility that the HO À Fe V =O oxidant became doubly labeled by rapid, multiple intermolecular exchanges with H 2 18 O prior to its attack of the olefin substrate was also eliminated, because epoxide and cis-diol [8] are formed in parallel, and doubly labeled cis-diol [8] product was not observed under any studied conditions. These experiments led us to several mechanistic conclusions. First, the only oxidant in this catalytic system is the HO À Fe V =O species. Were its Fe III À OOHA C H T U N G T R E N N U N G (OH 2 ) precursor also an oxidant, no label incorporation from water would occur in this pathway, so the extent of label incorporation from water into products would have been observed to decrease with increasing substrate concentration. Furthermore, oxo-hydroxo tautomerism of the HOÀFe V =O oxidant must be fast relative to substrate oxidation to explain the lack of a substrate-concentration dependence on the extent of 18 O label incorporation from water. This conclusion suggests that the HO À Fe V =O oxidant must be fully labeled prior to its reaction with either substrate and that the different extents of label incorporation are a result of specific interactions between substrate and oxidant. Support for this latter notion was found in the competitive oxidation of cis-2-heptene and trans-2-octene in the presence of H 2 18 O (Scheme 4). Interestingly, cis-2-heptene was found to be www.chemeurj.org roughly five times more reactive than trans-2-octene, but cis-2-heptene oxide incoporated 63 % label, while trans-2-octene epoxide incorporated only 34 %, values similar to those observed in the absence of the other olefin. In other words, the faster reacting substrate incorporated more water than the less reactive substrate. Thus the catalytic behavior of 1 differs from that described for iron and manganese porphyrin catalysts, in which oxo-hydroxo tautomerism competes with substrate oxidation by the high-valent species. [2, 12] In this porphyrin scenario the reactivity of a specific substrate is inversely related to the level of water incorporation into products. Clearly, a different mechanistic picture arises from our results.
Scheme 5 shows a proposed mechanism for the action of 1 where Fe III OOHA C H T U N G T R E N N U N G (OH 2 ) isomer P A is more populated than isomer P B . [13] . [14, 15] As demonstrated by the H 2
18
O labeling experiments presented above, trans-disubstituted olefins incorporate half as much label from H 2
O as cis-disubstituted, trisubstituted, and terminal olefins. This difference indicates that trans olefins prefer to react with O A (oxo group not labeled), whereas the other olefins react preferentially with O B (oxo group labeled).
The accumulated labeling results for olefin epoxidation reactions catalyzed by 1 present a new twist in the reactivity of the high-valent species (O A and O B ). Despite the large differences in the degree of label incorporation (30-75 %, Table 1 ), these values in fact translate into only small differences in energy, comparable to those associated with chiral discrimination. Catalyst 1 may give rise to the novel labeling results we observe because the two HO À Fe V =O oxidants (O A and O B ), though inequivalent, are quite close to each other in energy (Scheme 5). According to this mechanistic scenario, a C 2 -symmetric complex such as 3 should give rise to symmetrically equivalent HOÀFe V =O species O A and O B , and consequently, the level of water incorporation into products must be substrate independent. This is indeed what is observed in Table 1 ; olefin oxidations catalyzed by 3 afford epoxides incorporating 22 AE 1 % of oxygen from water.
The mechanistic scenario arising from this study may be related to aspects of the catalytic cycle of the a-KG-dependent Cyt-C3 halogenase, [3e] in which two high-spin Fe IV O(X) (X = Cl or Br) intermediates have been characterized by rapid-freeze-quench Mçssbauer experiments and found to be directly responsible for the C À H activation event. The relative proportions of these two high-valent isomers remain constant along the reaction coordinate, suggesting that fast interconversion between them precedes substrate oxidation. Indeed, the presence of nonequivalent cis-binding sites is a common structural characteristic of a number of nonheme iron oxygenases, [1] and therefore the interplay between two isomerically related high-valent species may be a rather common yet unexpected feature of their oxygen activation chemistry, substantially different from heme systems. The current study serves as a synthetic precedent for this novel mechanistic feature and it calls into question the canonical description of oxygenase action. [16] Experimental Section Reaction conditions for catalysis: In a typical reaction, a 70 mm H 2 O 2 solution (0.36 mL, 25 mmol; diluted from a 35 % H 2 O 2 aqueous solution) together with H 2 O (45 mL, 2500 mmol) in CH 3 CN was delivered by syringe pump over 30 min at 25 8C under N 2 to a vigorously stirred CH 3 CN solution (2.14 mL) containing the iron catalyst (2.5 mmol) and the substrate (2500 mmol). The final concentrations of the reagents were 1 mm iron catalyst (1, 2, or 3), 10 mm H 2 O 2 , 1m H 2 O, and 1 m substrate. After syringe pump addition, the resulting solution was stirred for another 10 min. Addition of acetic anhydride (1 mL) together with 1-methylimidazole (0.1 mL) afforded the esterification of the diol products. After the mixture had been stirred for 15 min at room temperature, ice was added and the mixture was stirred for about 30 min. Biphenyl or naphthalene (internal standard) was added at this point and the mixture was extracted with CHCl 3 (2 mL). The organic layer was washed with H 2 SO 4 1 m (2 mL), saturated aqueous NaHCO 3 (2 mL), and H 2 O (2 mL), dried with MgSO 4 , and subjected to GC analysis. The organic products were identified by comparison with authentic compounds. O, and 1 m substrate. After syringe pump addition, the resulting solution was stirred for another 10 min. The reaction solutions were treated with 1-methylimidazole (0.1 mL) and acetic anhydride (1 mL) to esterify the diol products following the experimental procedure described above. The products were analyzed by GC and GC-MS. O 2 , 1m H 2 O, and 1 m cyclooctene. After syringe pump addition, the resulting solution was stirred for another 10 min. The reaction solutions were treated with 1-methylimidazole (0.1 mL) and acetic anhydride (1 mL) to esterify the diol products following the experimental procedure described above. The products were analyzed by GC and GC-MS.
Full experimental data as well as details for the analysis of the isotopic labeling studies are provided as Supporting Information.
